Background. The effect of acute preload reduction during haemodialysis on left ventricle (LV) and right ventricle (RV) function is not well understood. This study aimed to evaluate acute changes in novel echocardiographic and tissue Doppler-derived indices of LV and RV function during the first and a standard weekly dialysis session and to examine the possible effect of acute intradialytic volume changes in LV and RV diastolic function and pulmonary circulation loading. Methods. Forty-one adult patients receiving standard thriceweekly haemodialysis participated in this study. Twodimensional echocardiographic and tissue Doppler imaging (TDI) studies were performed with a standard cardiac ultrasound device (Vivid 7 or Vivid e, GE, Horton, Norway) shortly before and after the first weekly and a standard dialysis session. Multiple linear regression analysis was applied to assess the effect of volume changes on peak early mitral (E) and tricuspid (E RV) velocities changes. Results. Significant reductions from pre-to post-haemodialysis were noted in body weight and systolic blood pressure. Posthaemodialysis left and right atrial, LV and RV sizing echocardiographic parameters were lower. LV systolic function, represented by LV ejection fraction, cardiac output and mean peak systolic LV and RV velocities at the annulus level, was unchanged. Diastolic function indices such as E (first session: 0.96 6 0.28 versus 0.75 6 0.27 m/s, P < 0.001; standard session: 0.89 6 0.24 versus 0.78 6 0.29, P < 0.001) and E RV (first session: 0.89 6 0.26 versus 0.67 6 0.25 m/s, P < 0.001; standard session: 0.86 6 0.24 versus 0.77 6 0.31, P < 0.001), E/A LV ratio, TDI peak early mitral (E 0 ) velocity and E 0 /A 0 RV ratio were reduced after haemodialysis. Pulmonary circulation loading, represented by RV systolic pressure, was significantly improved. In multiple regression model analysis, intradialytic weight loss was
A B S T R A C T
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I N T R O D U C T I O N
Cardiovascular mortality in patients undergoing haemodialysis is 9-fold higher than in the general population [1] . Left ventricle (LV) systolic dysfunction due to cardiac macro-and microscopic remodelling has been identified as an important risk factor for cardiovascular outcomes in haemodialysis patients [2, 3] . The pathogenesis of LV systolic dysfunction is complex, with hypertension, volume overload, electrolyte disorders and anaemia being major determinants, while increased activity of the renin-angiotensin-aldosterone system, oxidative stress and chronic inflammation have also been proposed to contribute [4] . Furthermore, LV diastolic dysfunction has been suggested as an equally important predisposing factor for poor patient outcomes [5] and commonly occurs earlier than systolic dysfunction in haemodialysis [6] . Diastolic dysfunction associates with cardiovascular events even in incident haemodialysis patients in the absence of systolic dysfunction [7] . The main mechanism for LV diastolic dysfunction is LV hypertrophy and myocardial interstitial fibrosis inducing myocardial stiffness and impairing the ability of the heart to function during diastole [8] . In contrast to the above, little is currently known about chronic changes in right ventricle (RV) structure and function and their prognostic significance in haemodialysis patients. RV 
dysfunction and pulmonary circulation loading have been associated with long-term mortality in haemodialysis patients [9] .
The haemodialysis process per se has been associated with mild acute effects in both regional ventricular systolic and diastolic performance due to factors affecting ventricular filling [LV hypertrophy, blood pressure (BP) reduction and intradialytic electrolyte changes] [6, 10] and causing transient ischaemia and decreased regional myocardial performance, known as myocardial stunning [10, 11] . However, such phenomena were not confirmed in all relevant studies [10, 12] . Despite the introduction of newer non-volume-dependent tissue Doppler echocardiographic indices [13] , the impact of preload reduction during haemodialysis in diastolic function is still not fully clarified. Earlier studies using standard two-dimensional echocardiographic and tissue Doppler imaging indicated that LV diastolic dysfunction may relate to acute preload reduction from pre-to posthaemodialysis [14] . However, other works indicate that nonvolume-related mechanisms may also be present [15] . Few studies have evaluated the role of a haemodialysis session on RV function changes, and their results are contradictory, as some suggested that impaired RV diastolic function is not particularly affected by preload reduction [16] , while others showed that post-haemodialysis early diastolic tricuspid annular velocity decrease was preload dependent [17] . Few studies have evaluated simultaneously the effect of the haemodialysis procedure on systolic and diastolic function of both LV and RV, while results from the relevant literature are contradictory and derive mostly from single weekly session. The aim of this study was to examine the effect of the haemodialysis process, both during the first weekly (after the long intradialytic interval) and a standard dialysis session, on novel echocardiographic and tissue Dopplerderived indices, reflective of cardiac systolic and diastolic function, the sizes of cardiac chambers' and pulmonary circulation loading, as well as to assess the possible effects of acute intradialytic volume decrease on LV and RV diastolic function indices.
M A T E R I A L S A N D M E T H O D S

Study population
Eligible participants were recruited from the Hemodialysis Unit, AHEPA University Hospital, Thessaloniki, Greece, in the context of a randomized crossover protocol comparing the 2-and 3-day interdialytic intervals, as described elsewhere [18] . The study included adult patients (>18 years) with end-stage renal disease treated with thrice-weekly maintenance haemodialysis for >3 months, with spKt/V >1.2. Patients were excluded if they had a history of myocardial infarction and/or unstable angina during a 6-month period before study initiation, congestive heart failure classes III-IV based on the New York Heart Association classification, arrhythmias (atrial fibrillation or other), body mass index (BMI) !40 kg/m 2 , poor compliance with the prescribed weekly dialysis regimen during the previous month or a history of malignancy or other noncardiac disease or co-morbidity imposing poor prognosis. Forty-four patients met the aforementioned inclusion/exclusion criteria and provided informed consent prior to participation in the study. Three of the initially included participants failed to comply with the scheduled echocardiographic evaluations and were excluded from further analyses.
Study protocol
Baseline evaluation included recording of demographic parameters, existing comorbidities and habits and a detailed physical examination. Blood samples were acquired before a mid-week haemodialysis to examine routine haematological and biochemical parameters. Height and weight were measured to assess BMI and body surface area (BSA) with the Dubois and Dubois formula [19] . Following the aforementioned protocol [18] , all patients had an additional echocardiographic evaluation at the end of the last dialysis session so that all patients have evaluations before and after the first weekly haemodialysis session (Monday or Tuesday, after a 3-day interdialytic interval) and before and after a standard haemodialysis session (Wednesday/Thursday, or Friday/Saturday, after a 2-day interdialytic interval). Pre-and post-haemodialysis BP and heart rate (HR) were recorded on the non-fistula arm. Standard haemodialysis parameters such as intradialytic weight loss, ultrafiltration volume and ultrafiltration rate were recorded. Study participants were subjected to two transthoracic echocardiography evaluations 30 min before and 30 min after each dialysis session. Echocardiography studies were stored in digital form and examined offline by a cardiologist blinded to their chronological sequence. The haemodialysis regimen (duration, ultrafiltration volume) during the study period was prescribed on the basis of the pre-specified dry weight at the baseline evaluation, and possible changes were not allowed. Patients were encouraged to continue their usual habits and fluid consumption on the interdialytic intervals during the study period. All procedures followed the Declaration of Helsinki (2000 Amendment), and the study protocol was approved by the Ethics Committee of the School of Medicine of Aristotle University of Thessaloniki.
Echocardiographic evaluations
Echocardiography studies were performed with patients being supine using a standard ultrasound device (Vivid 7 or Vivid e, GE, Horten, Norway). All echocardiographic studies were performed according to relevant guidelines [20] . Systolic and diastolic LV dimensions, interventricular septum width and LV posterior wall thickness were evaluated on twodimensional greyscale images along the parasternal long-axis view. LV mass was calculated by the modified cube formula [21] and was indexed for BSA. Apical two-and four-chamber views were used for calculation of left atrial (LA) volume. LV ejection fraction (LVEF) was calculated with Simpson's biplane method from LV end-diastolic (LVEDV) and end-systolic (LVESV) volumes [20] . Cardiac output (CO) and stroke volume (SV) of LV were evaluated. The parasternal long-and short-axis and apical RV-focussed two-dimensional views were used for RV sizing parameter estimation. RV diameter was evaluated at end diastole and RV volume was calculated from the apical fourchamber view at end systole. Inferior vena cava (IVC) diameter was measured in the subxiphoid view at the level of the septum proximal to the hepatic segment during inspiration end [20] .
Pulse-wave Doppler echocardiography in an apical fourchamber view was used for the evaluation of inflow and outflow 
velocities [peak systolic LV and RV velocities at the annulus level (S 0 ), peak early mitral (E) and tricuspid (E RV) diastolic velocities, peak late diastolic velocity (A), E/A ratio, early tissue Doppler diastolic velocities of the mitral and tricuspid annulus (E 0 ) and E/E 0 ratio]. Doppler tissue imaging was used for calculation of the deceleration time (DT) of the mitral E wave, isovolumetric relaxation time (IVRT) and myocardial performance index (TEI). Continuous Doppler echocardiography was used to measure peak tricuspid regurgitant velocity (TRVmax). Right atrial pressure (RAP) was estimated from end-expiratory IVC diameter [22] . Right ventricular systolic pressure (RVSP) was assessed by the RV-right atrial (RA) gradient and RAP, according to the formula RVSP ¼ (RV-RA DP) þ RAP [22] . All tissue Doppler indices relevant to LV performance were evaluated for both the lateral myocardial wall and the interventricular septum so that the mean values would be calculated; the RV Doppler indices were measured for the RV free wall.
Statistical analysis
Quantitative variables are presented as mean 6 standard deviation and qualitative variables as frequencies and percentages [n (%)]. The normality of distribution for continuous variables was examined with the Kolmogorov-Smirnov test. Comparisons of continuous parameters between the start and end of each session were performed with paired Student's t-test or Wilcoxon's signed-rank test, where appropriate. Moreover, uni-and multivariate linear regression analyses were performed to evaluate possible determinants of the changes in E and E RV during the standard haemodialysis session. Variables were tested for interaction and included in the multivariate model if P < 0.2 in univariate analysis. For this analysis, pre-and post-haemodialysis values of E and E RV were log-transformed to achieve linearity between the independent and dependent variables. The b-coefficients are reported with 95% confidence intervals (CIs). A P-value <0.05 (two-tailed) was considered statistically significant. Statistical analysis was performed with Statistical Package for Social Sciences 23 (SPSS, Chicago, IL, USA). Table 1 presents baseline demographic, clinical and laboratory characteristics of the population studied. A total of 41 haemodialysis patients (24 men and 17 women) with a mean age of 58.7 6 14.7 years and mean dialysis vintage 57.8 6 57.2 months were included. The haemodialysis regimen was scheduled on Monday-Wednesday-Friday for 21 and on TuesdayThursday-Saturday for 20 of the study participants. With regard to existing risk factors and comorbidities, 78% had hypertension, 26.8% diabetes and 26.8% coronary heart disease. With regard to the standard session (after a 2-day interval), 20 patients had the measurements on Wednesday or Thursday and 21 patients on Friday or Saturday, according to the randomization order of the previous protocol.
R E S U L T S
Baseline characteristics
Changes in LV sizing and function parameters during haemodialysis
As Table 2 depicts, body weight (first session: 72.2 6 12.5 versus 69.3 6 12.1 kg, P < 0.001; standard session: 71.1 6 12.5 versus 69.0 6 12.6, P < 0.001) and systolic BP (first session: 145.5 6 21.6 versus 135.9 6 23.5 mmHg, P ¼ 0.009; standard session: 143.1 6 19.8 versus 135.1 6 19.6, P ¼ 0.022) were significantly reduced, whereas diastolic BP did not differ from preto post-haemodialysis. Patients had significantly higher HRs after both sessions.
With regard to LA and LV sizing parameters, LA volume indexed (LAVi) was significantly reduced with haemodialysis on both occasions, while LV end-systolic volume indexed (LVESVi) and LV end-diastolic volume indexed (LVEDVi) were also reduced, but this reached statistical significance only for the standard session ( Table 2 ). The calculated LV mass indexed (LVMi) on each occasion was also reduced with haemodialysis (first session: 139.2 6 66.2 versus 121.2 6 62.7 g/m 2 , P < 0.001; standard session: 139.6 6 63.4 versus 127.7 6 66.7, P ¼ 0.006), as LVMi is directly dependent on LV dimensions. Regarding indices reflecting LV systolic function, such as LVEF, CO and mean S 0 , no significant changes were observed. Left ventricular outflow tract (LVOT) diameter was unchanged, but LVOT velocity time integral (VTI) decreased significantly on both occasions (first session: 26.6 6 5.9 versus 24.1 6 7.2 cm, P ¼ 0.036; standard session: 27.3 6 8.6 versus 24.1 6 5.9, P ¼ 0.010). Accordingly, post-haemodialysis SV decreased on both occasions, possibly due to LVOT VTI reduction. Echocardiographic indices of LV diastolic function such as E and E/A were significantly decreased during both sessions (Table 2) . Average E 0 decreased significantly during the first 
Changes in RV echocardiographic indices during haemodialysis
As shown in Table 3 , right heart chambers' dimension indices such as right ventricular end-diastolic diameter (RVEDD) and right atrial volume (RAV) were significantly decreased after both weekly sessions. Significant reductions were also noted in IVC diameter (first session: 1.93 6 0.41 versus 1.54 6 0.45 cm, P < 0.001; standard session: 1.76 6 0.39 versus 1.37 6 0.40, P < 0.001). Post-haemodialysis reduction of RV preload and afterload was accompanied significantly lower RVSP (first .25 versus by 33.14 6 12.43 mmHg, P < 0.001; standard session: 37.87 6 13.74 versus 30.16 6 12.78, P < 0.001) and RAP (first session: 9.76 6 3.82 versus 7.88 6 4.34 mmHg, P < 0.001; standard session: 9.32 6 3.96 versus 6.24 6 4.10, P < 0.001), which are reflective of pulmonary circulation loading decrease. Significant reductions were also evident in RV outflow tract velocity time integral (RVOT VTI) and in tricuspid regurgitation maximum velocity (TRV max) during both weekly sessions. Systolic function evaluated with S 0 RV (first session: 0.15 6 0.04 versus 0.15 6 0.04 m/s, P ¼ 0.575; standard session: 0.14 6 0.03 versus 0.15 6 0.04, P ¼ 0.149) remained stable from pre-to post-haemodialysis. Similarly, no significant changes were found for pulmonary vascular resistance (PVR) in both sessions (Table 3) 
Associations between changes in LV and RV diastolic function indices and volume-dependent parameters
To identify possible factors associated with the observed changes in LV and RV diastolic function indices during haemodialysis sessions, we performed univariate and multivariate linear regression analyses. Changes in E and E RV during a standard haemodialysis session reflecting left and right diastolic function, respectively, were used as dependent variables and age, gender, intradialytic weight loss and changes in systolic BP, HR, LVMi, CO, mean TEI, RVEDD, RAP and TEI RV were the independent variables. As Tables 4 and 5 
D I S C U S S I O N
This study examined the acute effects of haemodialysis on twodimensional and tissue Doppler-derived echocardiographic indices of cardiac systolic and diastolic function, ventricular sizing and pulmonary circulation overload during two different sessions. We also evaluated whether possible changes in LV and RV diastolic function indices may be dependent on volume intradialytic changes. The main finding was that ventricular diastolic function was negatively affected from pre-to post-haemodialysis, similar to myocardial performance, and this effect was more prominent during the haemodialysis following the 3-day interval. This may be attributed to rapid volume changes, as the E and the E RV decrease was significantly associated with intradialytic weight loss in multivariable analysis. In addition, significant improvements in cardiac sizing, right cardiac pressures and pulmonary circulation overload were noted with the preload and afterload reduction, but ventricular systolic function remained stable. Preliminary studies on the effect of haemodialysis on cardiac diastolic dysfunction are contradictory, include relatively small samples and are based only on data deriving from a single weekly session. A study evaluating LV diastolic dysfunction with E and E 0 suggested that significant reductions were noticed after a single session following a 3-day interdialytic interval, but changes were not associated with volume-related markers such as brain natriuretic peptide, plasma volume, ultrafiltration rate and ultrafiltration volume [15] . Another study of 29 haemodialysis patients, in which LV diastolic function was evaluated with LV end-diastolic pressure/LV end-diastolic volume fraction and E/ E 0 ratio, indicated that only the E/E 0 ratio was decreased shortly before the end of the session [23] . In a third study, the observed deterioration in both LV and RV diastolic function during haemodialysis was attributed to preload reduction [17] , whereas another one concluded that RV diastolic dysfunction was independent of volume changes [16] . Our study clarifies these issues, as we found that LV and RV diastolic function indices (e.g. E, average E 0 , E/A ratio, E/E 0 ratio and E RV, E 0 /A 0 ratio, E/E 0 ratio, respectively) were lower after haemodialysis. Moreover, changes in the E wave for LV and RV were significantly associated with high intradialytic weight loss. Another finding of our study is that increasing age was also independently associated with adverse intradialytic changes in E. Age was previously found to be associated with LVH, a major determinant of diastolic dysfunction, in incident haemodialysis patients [24] . Our findings suggest that older age may be a factor in reduced diastolic reserve of the left ventricle during the haemodialysis session.
Although changes in diastolic function may be attributed to some extent to preload and afterload reduction, the possible involvement of additional, non-volume-related factors cannot be excluded. We previously showed that haemodialysis does not acutely affect arterial stiffness but reduces wave reflections from the periphery, indicating that it may have a differential impact on factors considered by many to be interchangeable [25] . It is also known that ventricular dysfunction is an established complication of transient myocardial ischaemia, even after restoration of blood flow [26] . On the basis of pre-existing LV hypertrophy and intermyocardiocytic fibrosis that impair diastolic ventricular filling, haemodialysis sessions, via mainly intravascular volume decrease, cause haemodynamic changes (evidenced with BP and HR variations) and promote the activation of various injury pathways, such as high-energy phosphate depletion, microvascular hypoperfusion, impaired neural response and inflammatory activation [27] . These pathways result in haemodialysis-induced ischaemia, a phenomenon known as myocardial stunning [10] , and thus in cardiac dysfunction. As coronary perfusion occurs during cardiac relaxation, possible diastolic dysfunction during haemodialysis may further induce a vicious cycle of cardiac ischaemia and myocardial stunning [6] . In our study, the posthaemodialysis TEI mean index for LV and TEI index for RV were decreased during the first weekly session, indicating that systolic and diastolic dysfunction may be attributed to myocardial wall dysfunction. Moreover, other non-myocardial-related mechanisms may also be present. Intradialytic changes in electrolytes balance, such as calcium [28] and magnesium [15] , and uncontrolled hyperphosphatemia [8] have also been associated with diastolic dysfunction. A reduction in central aortic pressure, which occurs during haemodialysis sessions [24] , can also contribute to diastolic dysfunction development [29] .
In the past, relevant studies have mainly focussed on LV function, which resulted in a considerable gap of knowledge regarding RV functional changes during haemodialysis sessions. However, RV dysfunction and systolic pulmonary artery pressure have been closely associated with long-term mortality in haemodialysis patients [9] . Extra-and intracellular volume expansion, due to water accumulation, leads to an afterload increase and has been suggested as an important predisposing factor for RV hypertrophy in these patients [30] . Moreover, the existence of arteriovenous fistula increases RV afterload and constitutes another risk factor for increased RV filling pressures and thus increased pulmonary circulation loading [31] . The haemodialysis process has been previously associated with a significant reduction in pulmonary artery systolic pressure (35.7 6 7.5 versus 21.0 6 6.7 mmHg, P < 0.001) [17] . Our findings are in general agreement with the above, as significant reductions were observed in RVSP and RAP in both weekly sessions.
In patients receiving maintenance dialysis, accumulated volume during interdialytic intervals is acutely removed during sessions, which consequently results in intravascular volume reduction and preload and afterload decrease [32] . In relevant literature, results regarding the effect of intradialytic haemodynamic changes on cardiac systolic function are inconsistent and may be affected by the severity of baseline cardiac systolic dysfunction. A study evaluating the effect of a single haemodialysis on LV systolic function found that wave intensity wall analysis and tissue Doppler systolic velocities were improved after haemodialysis [12] . However, another study of 17 patients indicated that although post-haemodialysis cardiac volumes and tissue Doppler systolic velocities were significantly reduced, LVEF was unchanged [17] . A third study that evaluated systolic function changes on different intradialytic time points (pre-haemodialysis, 60 min, 180 min and post-haemodialysis) during the first weekly session indicated that 27% of patients developing regional LV systolic dysfunction had significantly lower prehaemodialysis LVEF (45.3 6 10.4 versus 51.8 6 9.5%, P ¼ 0.008) [11] . In our study, all echocardiographic indices reflective of cardiac chamber dimension, such as LVMi, LAVi, LVESVi, LVEDVi, RAV and RVEDD, were significantly lower after haemodialysis. Preload and afterload reduction was accompanied by no significant changes in parameters reflecting systolic performance, such as LVEF, CO and S 0 mean LV and S 0 RV, but LVOT VTI and RVOT VTI were more prone to interdialytic changes. Post-haemodialysis SV, calculated by LVOT VTI according to the current suggestions [33] , was lower, and this may be attributed to the changes noted for the later index.
This study has several strengths. This is the first work investigating acute changes in echocardiographic indices during two types of haemodialysis sessions, e.g. the first and a standard weekly session, thus providing an internal validation of the observations. Second, since data focussing on the haemodialysis effect in RV function are limited, we examined changes not only of LV but also of RV systolic and diastolic function; to this end, we included most of the novel two-dimensional and tissue Doppler-derived indices currently used in clinical practice and research. Third, studies were stored in digital form and evaluated offline by an experienced cardiologist blinded to their chronological sequence. Limitations include the observational nature of the study and the fact that observations of the second and third weekly sessions were pooled together due to the randomized crossover design of the background protocol. Although there are no gold standards for the objective evaluation of volume changes during haemodialysis [34] , the use of an indirect parameter of volume change, intradialytic weight loss, may impose another limitation. Other than BP and weight changes, non-cardiac parameters related to the homeostasis of endovascular space, such as peripheral vascular resistance, were not captured in this study. Finally, although the number of patients studied was larger than in most relevant studies in the field, a higher power may have changed the significance level of some borderline comparisons.
In conclusion, this study shows that cardiac diastolic function indices deteriorated under the effect of the haemodialysis process, and these variations were associated with high intradialytic volume change. This may reflect an association between rapid volume removal and stunning of a compromised myocardium during haemodialysis. The dimensions of the cardiac chambers and pulmonary circulation loading were significantly decreased from pre-to post-haemodialysis, but ventricular systolic function remained stable. Additional research efforts are warranted to examine whether these acute intradialytic alterations translate into long-term consequences in cardiac function and cardiovascular events in our patients.
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R E F E R E N C E S A B S T R A C T
Background. The prevalence of atrial fibrillation (AF) in end-stage renal disease (ESRD) patients is relatively high. The present study evaluated the association between left atrial (LA) remodelling, including an increased size and myocardial fibrosis, and slow LA conduction and the occurrence of AF. Methods. In 171 ESRD patients enrolled in the Implantable Cardioverter Defibrillators in Dialysis patients (ICD2) trial, the LA dimensions, LA conduction delay [as reflected by the time difference between P-wave onset on surface electrocardiogram and A 0 -wave on tissue Doppler imaging (PA-TDI)] and LA function were compared between patients who exhibited AF versus patients without AF. Based on ICD remote monitoring or clinical records, the occurrence of AF was detected.
Results. Of 171 patients, 47 (27%) patients experienced AF. Despite comparable left ventricular ejection fraction and prevalence of significant mitral regurgitation, patients with AF had significantly larger LA volume index (mean 6 standard deviation) (29 6 11 versus 23 6 10 mL/m 2 , P ¼ 0.001), longer PA-TDI duration (144 6 30 versus 131 6 27 ms, P ¼ 0.010) and reduced late diastolic mitral annular velocity (A 0 ) (7.1 6 2.8 versus 8.2 6 2.4 cm/s, P ¼ 0.012) compared with patients without AF. On multivariable analysis, larger LA volume index [odds ratio (OR) 1.04, 95% confidence interval (CI) 1.01-1.08, P ¼ 0.017], longer PA-TDI duration (OR 1.02, 95% CI 1.00-1.03, P ¼ 0.025) and reduced A 0 (OR 0.84, 95% CI 0.72-0.98, P ¼ 0.025) were independently associated with AF after adjusting for age and left ventricle diastolic relaxation. Conclusion. ESRD patients with AF show more advanced changes in the LA substrate than ESRD patients without AF.
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I N T R O D U C T I O N
Atrial fibrillation (AF) is very common in end-stage renal disease (ESRD) patients and the incidence of newly diagnosed AF in older patients initiating dialysis is 5-fold higher than in the general population [1] [2] [3] . Electrical and structural remodelling of the atrial myocardium serves as a substrate for AF [4] . In 
